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For instance, intracranial hypertension shifted the lower limit of autoregulation (LLA) to a higher CPP in a neonatal swine model of hydrocephalus (4) . Although therapeutic hypothermia (27) is increasingly used to treat neonatal HIE (26) , and clinical trials about therapeutic hypothermia after pediatric cardiac arrest are ongoing [including the Therapeutic Hypothermia after Pediatric Cardiac Arrest Trials (www.thapca.org)], the effects of hypothermia on cerebral autoregulation remain unclear. After HA cardiac arrest in neonatal swine, hypothermia decreased the LLA measured 6 h after injury (16) . In a rodent model of traumatic brain injury, 1-2 h of hypothermia preserved the cerebral vasodilatory response to hypotension (10) . However, rapid rewarming from hypothermic cardiopulmonary bypass in adults impaired cerebral autoregulation and was associated with postoperative strokes (14) . Moreover, an association between impaired cerebral autoregulation and mortality has been reported in neonates with asphyxia (25) . Whether rewarming from hypothermia after pediatric HA brain injury affects autoregulation remains unclear.
The ability to identify the limits of cerebral autoregulation would assist clinicians in identifying hemodynamic parameters that maintain pressure-reactive CBF. With the use of near-infrared spectroscopy (NIRS), we developed the cerebral oximetry (COx) and hemoglobin volume (HVx) indices (6, 16, 18) . COx is calculated by a correlation coefficient between tissue oxyhemoglobin saturation and CPP. The theory behind COx assumes that changes in CBF are proportional to changes in regional tissue oxyhemoglobin saturation (rSO 2 ). HVx is calculated by a correlation coefficient between the NIRS-derived relative tissue hemoglobin concentration (rTHb) and mean arterial pressure (MAP). The theory behind HVx assumes that autoregulatory vasodilation/ vasoconstriction produce changes in cerebral blood volume that are proportional to changes in rTHb. Positive correlations between tissue oxyhemoglobin saturation and CPP for COx (5) or between rTHb and MAP for HVx indicate diminished autoregulatory responsivity (16 -18) .
Whereas the NIRS-derived indices detect the LLA during hypotension after HA injury and short periods of hypothermia (16) , it is unclear whether the indices will remain accurate after long durations of hypothermia with rewarming, a scenario relevant to the clinical application of therapeutic hypothermia (24, 28) . After asphyxic injury, reoxygenation increases oxidative stress (22) . Whereas hypothermia may attenuate this response, oxidative stress could resume during rewarming and disturb cerebral autoregulation. Moreover, proinflammatory cytokine shifts during rewarming (3) could affect vasoreactivity.
Here, we examined the effects of rapid rewarming from hypothermia on cerebral autoregulation in a neonatal swine model of HA brain injury. Because injury may continue to evolve after the insult, we extended the duration of hypother-mia from 4 h in our previous work (16) to 20 h, to mimic more closely therapeutic hypothermia after pediatric cardiac arrest or neonatal HIE. Since rapid rewarming may negate some of the protection provided by hypothermia, we compared measures of cerebral autoregulation among sham or HA-injured groups that received hypothermia alone with sham or HA-injured groups that received hypothermia with rapid rewarming. Because the focus of the current study was to compare rewarming with sustained hypothermia, a normothermic cohort was not used, as in our prior work (16) . We hypothesized that hypothermia would preserve the vasodilatory response to hypotension but that rewarming would shift the LLA to a higher CPP. We also postulated that HVx and COx would identify the LLA during hypotension. Furthermore, we tested the hypothesis that rewarming would impair cerebral autoregulation during hypertension compared with sustained hypothermia.
MATERIALS AND METHODS
Animal preparation. All procedures were approved by the Animal Care and Use Committee at Johns Hopkins University and complied with the United States Public Health Service Policy on Humane Care and Use of Laboratory Animals and the Guide for the Care and Use of Laboratory Animals. Animal care was in accord with National Institutes of Health Guidelines and ensured animal comfort. Neonatal male piglets (3-5 days old, 1-2.5 kg) were randomized to undergo HA injury or sham surgery and to remain hypothermic or undergo rewarming until the goal sample size was achieved in each treatment group (HA injury with hypothermia, HA injury with hypothermia and rewarming, sham surgery with hypothermia, and sham surgery with hypothermia and rewarming). As illustrated in Fig. 1 , one-half of the piglets in each group underwent cerebral autoregulation testing during induced hypotension (n ϭ 6/group), and the others underwent testing during induced hypertension (n ϭ 6/group). Anesthesia was induced with 5% isoflurane with 50%/50% nitrous oxide/oxygen (N 2O/O2). After intubation, the lungs were mechanically ventilated to maintain normocapnea. Anesthesia was maintained with 2% isoflurane with 70%/30% N 2O/O2 during surgery. Femoral arterial and venous catheters were inserted, and fentanyl was given (10 g/kg iv). After surgery, anesthesia was maintained with 0.4% isoflurane ϩ 70%/30% N 2O/O2 ϩ fentanyl (10 -20 g·kg Ϫ1 ·h Ϫ1 ). Piglets received 5% dextrose in 0.45% saline at 10 ml/h iv.
HA cardiac arrest. The inspired O2 was decreased to 10% for 45 min, followed by 5 min of 21% O2 to reoxygenate the heart. This reoxygenation period is required for cardiac resuscitation. The endotracheal tube was then occluded for 7 min. Piglets were resuscitated with 100% O 2 to mimic common clinical practice, manual chest compressions, and epinephrine (100 g/kg iv). Piglets without return of spontaneous circulation (ROSC) within 3 min were excluded. After resuscitation, inspired O 2 was decreased to 30%. Sodium bicarbonate and calcium chloride were administered to correct metabolic acidosis and hypocalcemia. Sham-operated piglets received the same anesthesia, surgery, and duration of anesthesia but without arrest.
Temperature. After resuscitation, piglets were maintained at a rectal temperature of 38.0 -39.0°C (normothermic for swine) for 2 h with warming blankets and heating lamps. The 2-h period of normothermia was designed to mimic the delay in initiating hypothermia in clinical practice. At 2 h after ROSC, temperature was reduced to 34°C over ϳ30 min, as described (1) and as we used previously in our cerebral autoregulation experiments with short periods of hypothermia (16) . After 20 h of hypothermia, some piglets were rewarmed with whole-body warm packs at a goal rate of 4°C/h. Piglets with or without rewarming remained anesthetized and received muscle relaxants. To ensure that CPP remained above the LLA during anesthesia, low-dose phenylephrine was infused as needed to maintain MAP Ն45 mmHg.
Surgical preparation for monitoring cerebral autoregulation. At 18 h after ROSC, a second surgery was performed. A 5-French balloon catheter was placed in the inferior vena cava via a femoral vein for later inflation to induce hypotension in piglets in the hypotensive cohort. For piglets in the hypertensive cohort, a balloon catheter was placed in the descending aorta via a femoral artery for later inflation to induce cephalic hypertension. Three small cranial drill holes were made for placement of: 1) a ventricular drain catheter to measure intracranial pressure (ICP), 2) a 1-mm diameter laserDoppler flow (LDF) probe (model DRT4; Moor Instruments, Devon, UK) in the frontoparietal cortex, 5 mm from the ICP catheter, and 3) a thermistor in the epidural space to monitor temperature. The LDF probe was secured with rubber washers and cemented to the skull. A NIRS probe (Covidien, Mansfield, MA; light-emitting diode to shallow and deep photodiode distances of 30 mm and 40 mm, respectively) was placed over the frontoparietal cortex contralateral to the craniotomy sites. The NIRS monitor measured rSO 2 and rTHb continuously. After completion of cranial surgery, data were collected for ϳ3 h before either hypotension or hypertension was induced. To obtain the baseline LDF, the average LDF during the 1st h of monitoring across the range of CPP 50 -60 mmHg was calculated.
Cerebral autoregulation monitoring during hypotension. MAP, ICP, and LDF were sampled from an analog-to-digital converter at 100 Hz with ICMϩ software (Cambridge University, Cambridge, UK) (29) . Consecutive averages of nonoverlapping, 10-s recordings were obtained of MAP and ICP, and CPP was calculated as MAP-ICP every 10 s. To determine the LLA, we decreased MAP gradually in a continuous manner over 2-3 h by inflating the balloon catheter in the inferior vena cava beginning at 22 h after ROSC in the hypothermia Fig. 1 . Study design flowchart. The 2nd surgery (cranial surgery and placement of a balloon catheter in the inferior vena cava for hypotension cohorts or descending aorta for hypertension cohorts) was performed 18 h after resuscitation. 2 BP, induced hypotension blood pressure; 1 BP, induced hypertension blood pressure. groups or immediately upon reaching a brain temperature of 38.5°C in the rewarming groups. LDF was plotted as a function of CPP. The LLA was identified by dichotomizing the data such that the fit of two linear regression lines resulted in the lowest combined error squared. The CPP at the intersection of these two lines was defined as the LLA (6, 16 -18) . To calculate the inflection point from the rSO 2 measurements as blood pressure decreased, rSO 2 was similarly plotted as a function of CPP. The data were dichotomized to identify the inflection point at the CPP where the fit of two linear regression lines had the lowest combined error squared.
COx and HVx were calculated simultaneously. Cerebral rSO 2 and rTHb were sampled synchronously from the digital output of the NIRS monitor, as described previously (17) . COx was calculated from a continuously moving 5-min window as the correlation coefficient between rSO 2 and CPP. HVx was similarly calculated from the correlation of rTHb and MAP (6, 17) . COx and HVx have a range of Ϫ1 to ϩ1. When the indices are near zero or negative, CPP and rSO 2 (for COx) and MAP and rTHb (for HVx) are either not correlated or are negatively correlated, thereby indicating functional cerebral autoregulation. When the indices become positive and approach ϩ1, as blood pressure and rSO 2 or rTHb directly correlate, autoregulation is less effective.
Monitoring during hypertension. At 22 h after ROSC in the hypothermia groups without rewarming or immediately upon reaching a brain temperature of 38.5°C in the rewarming groups, hypertension was induced over 30 min by inflating the aortic balloon catheter and infusing phenylephrine and dopamine. The autoregulatory response to hypertension was evaluated by comparing the change in LDF (as a percentage of baseline) with the change in CPP (as a percentage of baseline).
Statistical analysis. Normally distributed data are presented as means Ϯ SD or in some cases, where noted, as Ϯ95% confidence intervals (CI). Nonparametric data are presented as medians with interquartile ranges (IQR) when appropriate. Differences were considered significant at P Յ 0.05. Physiologic variables, blood gas variables, hemoglobin levels, and electrolytes were compared among groups before and after HA arrest with two-way repeated-measures ANOVA by treatment group and time with post hoc Newman-Keuls multiple range test when the F value was significant (SigmaPlot v11.0, Systat Software, Chicago, IL). Variables during hypoxia and asphyxia were compared between arrested groups destined to remain hypothermic or undergo rewarming with t-tests. Differences in weight and in temperature at each time point were analyzed with one-way ANOVA or the Kruskal-Wallis ANOVA on ranks when appropriate. Two-way ANOVA was used to examine the effects of arrest and temperature on the LLA. The values for the LDF-derived LLA were compared with the inflection points calculated from the rSO2 vs. CPP plot during induced hypotension using a Spearman rank correlation. The effects of arrest and temperature on the rSO2-derived inflection point were examined using two-way ANOVA.
Average measures of LDF, rSO2, HVx, and COx were binned into 5-mmHg increments of CPP for analysis. The effects of CPP and treatment group on each measure of cerebral autoregulation (LDF, HVx, and COx) were analyzed with repeated-measures two-way ANOVA. Because the LLA differs among individual piglets, we also analyzed the data using CPP in relation to each animal's LLA.
Spline regression analyses were performed to evaluate the HVx and COx responses to hypotension with STATA software v11.1 (StatCorp, College Station, TX). Spline regressions examine slopes above and below a "cut-point" within a continuous dataset. For this study, the cut-point was set at each animal's LLA. We used spline regressions to examine change in ⌬HVx (or ⌬COx)/⌬CPP at levels of CPP above and below the LLA. A difference between slopes at CPP above and CPP below the LLA indicates that the index increased at a faster rate as CPP decreased when CPP was below the LLA compared with when CPP exceeded the LLA. Receiver operator characteristic (ROC) curves were calculated to test the sensitivity and specificity of HVx and COx in detecting CPP above or below the LLA (31) . Both the spline regression and ROC analyses accounted for multiple intrasubject measurements. For the ROC curves, CPP was divided into 5 mmHg bins and coded as a binary variable above or below the bin containing the LLA, and COx and HVx were analyzed as continuous variables (Ϫ1 to ϩ1).
To examine cerebral autoregulation during hypertension, regression analysis was used to compare the percent change in LDF with the percent change in CPP. The autoregulatory index was defined as the slope of this relationship. A slope of zero reflects perfect autoregulation, and a slope of one reflects a pressure-passive relationship with blood flow. Slopes were compared among groups by the KruskalWallis test.
RESULTS
To examine cerebral autoregulation during hypotension, we subjected 14 piglets to arrest and 13 piglets to sham surgery. Two piglets in the arrest group could not be resuscitated, resulting in a resuscitation rate of 86%. One sham piglet had an intracranial injury during surgery. Two piglets in the rewarmed arrest group, three in the hypothermia arrest group, and one in the hypothermia sham group required phenylephrine during anesthesia to maintain MAP Ն45 mmHg.
To evaluate cerebral autoregulation during hypertension, we subjected 15 piglets to arrest and 18 piglets to sham surgery. All piglets were resuscitated after arrest, but three had persistent hypotension during anesthesia and did not survive the protocol. One sham piglet had persistent hypotension and did not survive the protocol; one had a cardiac arrest during the craniotomy; two had intracranial injuries during the surgeries; and the laser-Doppler probe moved in two piglets. Among piglets included in the final analysis, one sham and one arrested piglet in the rewarming groups required phenylephrine during anesthesia. Data in the hypotensive and hypertensive cohorts were analyzed on 48 piglets (24 arrests and 24 shams; n ϭ 6/group; Fig. 1 ).
Hypotensive cohorts. Body weight was similar among groups [1.6 Ϯ 0.3 kg (SD) in the hypothermic arrest, 1.4 Ϯ 0.3 kg in the hypothermic sham, 1.6 Ϯ 0.3 kg in the rewarmed arrest, and 1.4 Ϯ 0.2 kg in the sham rewarmed groups; P ϭ 0.309]. CPP and ICP were similar among groups during hypothermia (Table 1 ; P ϭ 0.072 for CPP; P ϭ 0.608 for ICP). Body temperatures were also similar before rewarming (Table 2 ; P Ͼ 0.10), with the exception of a slightly higher temperature at 5 min of asphyxia in the arrested piglets that were destined to remain hypothermic (P ϭ 0.026 for the difference in temperature at 5 min of asphyxia). At 42 min of hypoxia, hemoglobin O 2 saturation levels were 31 Ϯ 7% in the hypothermic arrest and 33 Ϯ 8% in the rewarmed arrest groups (P ϭ 0.864). At 5 min of asphyxia, O 2 saturation levels were 7 Ϯ 4% in the hypothermic arrest and 8 Ϯ 5% in the rewarmed arrest groups (P ϭ 0.760). The severity of hypercapnea and acidosis during asphyxia was similar between groups and largely recovered 1-3 h after ROSC (Table 2 ; P Ͼ 0.05). Partial pressure of O 2 (PaO 2 ) values recovered to 126 -180 Torr between 1 h and 3 h after ROSC in all groups, and arterial hemoglobin O 2 saturation and PaO 2 levels did not differ among groups at each time point (P Ͼ 0.05). All piglets that underwent HA injury required sodium bicarbonate to correct metabolic acidosis. Baseline hemoglobin levels ranged from 6.4 Ϯ 2.5 g/dl in the rewarmed shams to 7.0 Ϯ 0.6 g/dl in the rewarmed arrest group. Hemoglobin levels were similar among groups at each time point (P Ͼ 0.05). There was a difference in sodium levels across time and treatment groups (P ϭ 0.022). Sodium decreased from 147 Ϯ 6 meq/l at baseline to 139 Ϯ 4 meq/l on the 1st day after resuscitation across the entire cohort. However, there were no differences in sodium across groups at each time point (P Ͼ 0.05). Ionized calcium levels were not different among groups (data not shown).
Cerebral autoregulation during hypotension. Examples of the relationship of LDF with CPP during induced arterial hypotension are shown in Fig. 2 . Two piglets from each treatment group were selected as examples to illustrate the range of slopes in the autoregulatory plateau region above the calculated LLA. Two-way ANOVA on the LLA indicated no significant overall effect of arrest (P ϭ 0.601). Whereas there was a trend of higher LLA in the rewarmed groups compared with groups that remained hypothermic (P ϭ 0.084 for the effect of temperature), there was no interaction between arrest and temperature treatment (P ϭ 0.727; n ϭ 6). The LLAs were 29 Ϯ 10 mmHg (95% CI: 19, 40) for arrest ϩ hypothermia; 38 Ϯ 11 mmHg (26, 49) for arrest ϩ rewarming; 29 Ϯ 8 mmHg (20, 38) for sham ϩ hypothermia; and 34 Ϯ 7 mmHg (27, 42) for sham ϩ rewarming. The LLA was similar among piglets that received phenylephrine (28 Ϯ 8 mmHg; n ϭ 6) and those that did not (34 Ϯ 9 mmHg; n ϭ 18; P ϭ 0.188 by t-test).
LDF, HVx, and COx were not different among treatment groups at each level of CPP (Fig. 3, A-C ; P Ͼ 0.05). Because piglets had different LLAs, and individual differences could prevent detection of differences among groups, we reanalyzed data as a function of CPP-LLA. Even after this additional analysis, no differences in LDF, HVx, or COx were observed among groups (Fig. 3, D-F 
Absolute values of rSO 2 decreased with progressive hypotension (Fig. 4, A and B) . When piglets from all groups were combined, there was good correlation between the LLA calculated from the LDF plot and the inflection point in rSO 2 vs. CPP when blood pressure decreased (r ϭ 0.727, 95% CI: 0.429 -0.882; P ϭ 0.0001; n ϭ 22). An inflection point could not be identified in two sham piglets because the slope of rSO 2 vs. CPP did not change as blood pressure decreased. Two-way ANOVA on the rSO 2 -derived inflection point indicated no effect of arrest (P ϭ 0.832), temperature (P ϭ 0.308), or interaction between arrest and temperature (P ϭ 0.771).
As CPP decreased, both HVx and COx increased (Fig. 3 ). Spline regression analysis was used to evaluate the slope of the relationships of HVx and COx with CPP above and below the LLA on a paired basis. Below the LLA, the slope of the relationship with CPP was significantly less than zero for HVx in hypothermic arrested piglets (P Ͻ 0.001; Fig. 5A ), for HVx in rewarmed arrested piglets (P ϭ 0.045; Fig. 5C ), and for COx in rewarmed arrested piglets (P ϭ 0.016; Fig. 6C ). In the hypothermic arrest group, the relationship for HVx was biphasic, with the slope below the LLA significantly more negative than the slope above the LLA (P Ͻ 0.001; Table 3 and Fig.  5A ). In the rewarmed arrest group, the relationship for COx was also biphasic, with the slope below the LLA significantly more negative than the slope above the LLA (P ϭ 0.047; Table  3 and Fig. 6C ). Because baseline levels of CPP (Table 1) were only 10 -20 mmHg above the LLA, the range of CPP above the LLA may have been too narrow to determine accurately the slope of the relationships above the LLA and thereby, detect a biphasic relationship in every group. Alternatively, ROC curves can test the sensitivity and specificity of HVx and COx in predicting the LDF-derived LLA. The areas under the ROC curves were 0.81-0.96 for all groups and demonstrated that Hb, hemoglobin; HT, hypothermic; RW, rewarmed; N/A, not applicable; PaCO2, arterial partial pressure of carbon dioxide; PaO2, arterial partial pressure of oxygen. *Temperature-corrected blood gases are presented during hypothermia; †data are presented at completion of the HT or RW periods and before changing blood pressure;
‡ P ϭ 0.026 from the RW arrest group by t-test at the time point of asphyxia 5 min.
both HVx and COx predicted whether CPP was above or below the LLA (Table 4) . Cerebral autoregulation during hypertension. Values of ICP, CPP, and blood chemistry, on the day of assessing cerebral autoregulation, were in the normal physiological range and not different among the four hypertensive cohorts (data not shown). With cephalic hypertension, CPP increased to 99 Ϯ 22 mmHg in the hypothermic arrest, 102 Ϯ 26 mmHg in the hypothermic sham, 126 Ϯ 26 mmHg in the rewarmed arrest, and 118 Ϯ 22 mmHg in the rewarmed sham groups (P ϭ 0.18). The median slopes of the change in LDF with respect to the change in CPP were 0.03 (Ϫ0.09, 0.47; IQR) for hypothermic arrest, 0.28 (0.15, 0.31) for hypothermic sham, 0.04 (0.03, 0.08) for rewarmed arrest, and Ϫ0.06 (Ϫ0.17, 0.05) for rewarmed sham groups (P ϭ 0.162). Only hypothermic shams had a significant increase in LDF as CPP increased (P ϭ 0.015). The slopes did not differ from zero in the rewarmed sham, hypothermic arrest, and rewarmed arrest groups (P Ͼ 0.10 for all groups). Furthermore, the slopes were significantly Ͻ1.0 (P Ͻ 0.05), thereby indicating that blood flow was not completely passive to CPP (Fig. 7) .
DISCUSSION
This study demonstrated several new findings. First, cerebrovascular autoregulation to hypotension or hypertension was not impaired consistently after HA arrest and 2 h of normothermic recovery followed by 20 h of hypothermia in neonatal Fig. 2 . Two representative piglets from each experimental group were selected to illustrate variation among individual animals in the laser-Doppler flow (LDF) responses to hypotension. From each experimental group, 1 piglet was selected with a relatively horizontal, autoregulatory plateau. As a contrast, another piglet from the same group was selected with a LDF curve that was not horizontal when cerebral perfusion pressure (CPP) exceeded the lower limit of autoregulation (LLA). LDF measurements were averaged into 5 mmHg bins of CPP. The calculated LLA is demarcated with a dotted line. When CPP exceeded the LLA, some piglets had autoregulatory plateaus that were relatively horizontal (left column), whereas others had LDF curves that were not horizontal (right column). A and B: sham, hypothermic piglets; C and D: postarrest, hypothermic piglets; E and F: sham, rewarmed piglets; G and H: postarrest, rewarmed piglets.
piglets. Second, rapid rewarming did not shift the LLA significantly during hypotension. Third, cerebral autoregulation during hypertension remained functional after HA injury with hypothermia and rewarming. Fourth, the NIRS-derived indices identified levels of CPP that were below the LLA. These indices may provide noninvasive methods to assess continuously cerebral autoregulation under rapidly changing temperature conditions after pediatric hypoxic brain injury.
This piglet model of whole-body HA produces a pattern of brain injury (20) similar to those observed in neonatal HIE (21) , including robust cortical injury with a 50% decrease in viable neurons in the somatosensory cortex (18) . We measured Fig. 3 . A: during hypotension, LDF was similar among treatment groups at each level of CPP (treatment effect, P ϭ 0.96; n ϭ 6). B: the hemoglobin volume index (HVx) became more positive with hypotension, indicating impaired vasoreactivity. HVx was similar across groups at each CPP (P Ͼ 0.05; n ϭ 6). C: the cerebral oximetry index (COx) became more positive with hypotension, indicating impaired cerebral autoregulation. COx was similar among groups at each CPP (P Ͼ 0.10; n ϭ 6). To compare CPP relative to each animal's LLA, CPP was centered at 0 on the x-axis. D: with hypotension, LDF was similar among groups at each CPP (P ϭ 0.51; n ϭ 6). E: HVx became more positive during hypotension as the LLA was crossed, indicating impaired vasoreactivity. HVx was similar among groups at each CPP (P Ͼ 0.05; n ϭ 6). We reported that 4 h of hypothermia after HA injury decreased the LLA during hypotension, measured 6 h after resuscitation in neonatal swine (16) . During hypothermic cardiopulmonary bypass, rewarming impaired cerebral autoregulation (14) . Proinflammatory cytokine shifts during rewarming (3) may impact vasoreactivity. Thus we theorized that rapid rewarming from prolonged hypothermia after HA injury would affect cerebral autoregulation. However, we did not find a substantial shift in the LLA during hypotension or differences in vasomotor function during hypertension between postarrest hypothermic and rewarmed cohorts, despite a rewarming rate (4°C/h) that is faster than that typically used in neonates (Յ0.5°C/h). We reasoned that any effect of rewarming on cerebral autoregulation would be more apparent with fast rewarming. The slope of the relationship with CPP was significantly negative in the hypothermic arrest (*P Ͻ 0.001) and rewarmed arrest (**P ϭ 0.045) groups. In the hypothermic arrest group, the relationship for HVx was biphasic, with the slope below the LLA significantly more negative than the slope above the LLA (P Ͻ 0.001). The slope of the relationship with CPP was significantly negative in the rewarmed arrest group (*P ϭ 0.016). In the rewarmed arrest group, the relationship for COx was biphasic, with the slope below the LLA significantly more negative than the slope above the LLA (P ϭ 0.047).
The cerebrovascular autoregulation curve is traditionally illustrated with a horizontal CBF plateau at levels of CPP with pressure-reactive CBF, a sharp cut-off at the LLA, and a decline in CBF when CPP is below the LLA. However, when cerebral autoregulation is functional, the plateau may not have a slope that is equal to zero (19) . Indeed, studies in animals show a high degree of variability in the slope (13) . In individual animals, the plateau may not be horizontal, because changes in cerebrovascular resistance in response to changes in CPP do not maintain perfectly constant CBF. Even when CPP crosses below the LLA, arteriolar dilation may continue but no longer be sufficient to maintain constant CBF. Therefore, the CBF-blood pressure autoregulation curve in individual animals will have an inflection at the LLA even when a slope in the autoregulatory range does not equal zero (Fig. 2) .
The NIRS-derived indices distinguished between levels of CPP that were associated with pressure-passive and pressurereactive LDF. COx is derived from cerebral oxyhemoglobin saturation, which is affected by metabolic rate. Hypothermia decreases O 2 consumption (33). Despite changing temperature, COx accurately detected levels of CPP that were below the LLA during hypotension, presumably because O 2 consumption remained relatively stable during the 5-min sampling periods for COx calculations. HVx, which is based on measurements of deoxygenated and oxygenated tissue hemoglobin and should be less affected by O 2 consumption, also indicated whether CPP was above or below the LLA. This suggests that both indices differentiate pressure-reactive from pressure-passive CBF in superficial cortex.
The limits of CPP that maintain pressure-reactive CBF are age dependent. Neonatal swine have lower LLAs than juvenile swine (32) . In humans, the LLA is also lower in children (7) than in adults (15) . Intracranial hypertension raises the LLA (4), which is relevant to clinical situations of evolving cerebral edema. Therefore, it is critical to identify methods that detect the limits of cerebral autoregulation and that can be used in clinical practice.
Measurements of rSO 2 from NIRS decreased in all experimental groups during induced hypotension after the completion of rewarming or during the continuation of hypothermia. O 2 consumption presumably remained relatively constant because the anesthetic regimen remained unchanged, and the piglets had stable temperatures during induced hypotension. Arterial hemoglobin concentration and O 2 saturation-two determinants of O 2 supply-also remained constant. Therefore, the decrease in regional cerebral measurements of oxygenated hemoglobin with a concomitant increase in deoxygenated hemoglobin concentration was likely secondary to declining CBF during hypotension when CPP was below the LLA. The correlation between the LDF-derived LLA and the inflection point when rSO 2 was plotted against CPP may have limited clinical applicability in defining the CBF LLA. In most clinical situations, a patient's balance of O 2 supply and demand may change, which would affect the rSO 2 measurements and limit the ability to use rSO 2 to estimate the LLA of CBF.
Piglets resuscitated from HA arrest exhibited pressure-reactive LDF with hypertension during hypothermia and after rewarming. We reported that cerebral autoregulation is functional during hypertension in piglets after HA arrest and 6 h of recovery with hypothermia or normothermia (16) or 2 days of recovery with normothermia (18) . With acutely induced hypertension, cardiogenic failure occurred before the cerebral myogenic vasoconstrictive capacity was exceeded. Thus we were unable to detect the upper limit of autoregulation. In unanesthetized neonatal piglets, pressure-reactive CBF was reported at mean arterial blood pressures between 50 mmHg and 90 mmHg. Above 90 mmHg (to 120 mmHg), pressurepassive CBF was observed, which was attributed to increased prostanoid production (9) . In our study of anesthetized piglets, LDF remained relatively constant at CPP 90 -120 mmHg. It is possible that anesthesia decreases vasodilator prostanoid production or extends the upper limit of autoregulation by increasing vascular myogenic tone. To explore the upper limit of autoregulation in our model, cardiopulmonary bypass may be required. Alternatively, juvenile piglets might better tolerate induced hypertension and serve as an alternative model for pediatric cardiac arrest that would enable better exploration of the CBF response to hypertension. Inducing cephalic hypertension with an aortic balloon may cause lower-body ischemia and metabolic acidosis. Acidosis promotes vasodilation (8) , which could impair the vascular myogenic-constrictive response to hypertension. In this study, tissue ischemia during aortic balloon inflation did not impair cerebral autoregulation. Relationships were determined by spline regression analysis. Differences in the slopes of the relationships of HVx and COx with CPP below the lower limit of autoregulation (LLA) from the slopes above the LLA are shown. CI, confidence intervals.
Some piglets required phenylephrine to maintain CPP above the LLA during anesthesia, and dopamine was administered to support cardiac contractility during aortic balloon catheter inflation. ␣-1 Agonism from phenylephrine may directly affect cerebrovascular resistance and affect CBF autoregulation (23) . Moreoever, phenylephrine may have gender-specific effects on cerebral autoregulation (2) . Only males were used in this study, and a statistical difference in the LLA was not detected between those that did or did not receive phenylephrine. Thus the use of vasopressor agents in our model did not appear to represent a major confounding influence. Dopamine resulted in pressure-passive LDF in a swine model of hypovolemia (12) but was not associated with pressure-passive LDF when combined with aortic balloon inflation in our model of HA injury (16, 18) . All cohorts were ventilated with 30% O 2 , which reflects clinical practice and only marginally increases arterial O 2 content.
In our model of HA injury, piglets develop moderate intracranial hypertension and can regain consciousness after resuscitation (18) . Patients with hypoxic brain injuries may be comatose with high ICP, and intracranial hypertension independently affects the LLA (4). Rewarming from hypothermia in the context of severe intracranial hypertension might affect cerebral autoregulation, although we were unable to test that possibility in this study. We did not extend the duration of hypoxia or asphyxia because cardiac resuscitation becomes difficult.
This study has limitations. First, we did not include normothermic sham or normothermic HA injury groups, because our aim was to compare the effects of rewarming with the effects of hypothermia on cerebral autoregulation. Neuroprotection from hypothermia (1) may preserve mediators of vasodilation and vascular tone despite rewarming. Furthermore, the mean LLAs of 34 mmHg in the rewarmed shams and 38 mmHg in the rewarmed arrest group are similar to the values of 41 mmHg in shams and 37-40 mmHg in arrest groups that recovered for 1-2 days without anesthesia and without hypothermia and rewarming (18) . Thus rapid rewarming did not markedly increase the LLA above that expected without prolonged hypothermia and rewarming. Second, our findings of intact cerebral autoregulation might not be generalizable to clinical situations where brain injuries can be more severe. The anesthesia provided is not commonly used in intensive care units. Nonetheless, all animals received the same anesthetic, permitting comparisons among groups. Histopathologic examination was not performed, because severe hypotension or hypertension would distort the pathology. Third, the sample sizes were small. Based on a previous experiment with acute hypothermia and HA injury (16) and post hoc power analysis, a sample size of six for this study was estimated to detect an 11-mmHg change in LLA at 80% power. We selected a shift in the LLA of Ͼ10 mmHg as a threshold that would be clinically relevant. Whereas there was a trend of increased LLA with rewarming compared with the remaining hypothermic (P ϭ 0.084), this effect was not specific to conditions of the HA injury, as there was no interaction between arrest and temperature treatment (P ϭ 0.727). Moreover, the active autoregulatory response to hypertension was consistent with our previous studies that examined the response, 6 h (16) and 2 days (18) after HA injury.
In summary, rapid rewarming from hypothermia did not shift the LLA during hypotension after HA brain injury in a neonatal swine model with moderate intracranial hypertension. COx and HVx accurately differentiated CPP below and above the LLA. These monitors may serve as the basis for noninvasive metrics of cerebral autoregulation during therapeutic hypothermia after hypoxic brain injury. The ⌬LDF%/⌬CPP% was Ͼ0 in the hypothermic shams (slope 0.24; 95% CI 0.07, 0.42; *P ϭ 0.015). The slopes did not differ from 0 in the rewarmed sham, hypothermic arrest, and rewarmed arrest groups. There were no differences in ⌬LDF%/⌬CPP% among groups (P ϭ 0.162). Data are displayed as means Ϯ SE.
